Introduction
Zirconium requires several purification steps to conform to nuclear-grade specifications. Little information is available on the sublimation separation of Zr and Hf compounds, especially in the fluoride form, the majority of which deals with sublimation under vacuum conditions. On the industrial scale, only vacuum sublimation of ZrF 4 has been reported. No records were found for the sublimation of ZrF 4 in an inert atmosphere. Information on the sublimation rate of ZrF 4 or HfF 4 in an inert atmosphere is also limited. The rate is assumed to be dependent on several factors, of which temperature, area, and composition are considered the most important.
In the process currently under investigation, the separation technique envisaged is by sublimation/desublimation in the tetrafluoride form. The separation involves the sublimation of the metal tetrafluorides in an inert atmosphere under controlled conditions, followed by desublimation (i.e. condensation) of the one metal fluoride in preference to the other.
In this paper, a sublimation model is developed to predict the sublimation rates of both ZrF 4 and HfF 4 in an inert gas. These rates are used to calculate the partial pressures of the two fluorides exiting a sublimer and entering a desublimer where the one tetrafluoride is selectively removed from the gas stream, thereby separating the two tetrafluorides.
A theoretical approach to the sublimation separation of zirconium and hafnium in the tetrafluoride form Area-dependent sublimation rate MacFarlane et al. (2002) Scherbinin (1990a, 1990b) found that pure ZrF 4 has a higher sublimation rate than industrial-grade ZrF 4 , which contains a degree of impurities. They concluded that this might be due to the accumulation of low-volatile components in the near-surface layer of the sample, making diffusion and evaporation increasingly difficult and resulting in decreased sublimation flux.
Product composition

Layer height
In a study on the influence of layer height on the vacuum sublimation rate of ZrF 4 , Ti, Esyutin, and Scherbinin (1990c) concluded that the sublimation rate does not necessarily depend on the height of the sample in the sublimator.
Vapour pressure of ZrF 4
Figure 1 gives a range of vapour pressures from the literature for both ZrF 4 and HfF 4 at temperatures above 600°C (Benedict et al., 1981; Cantor et al., 1958; Koreneo et al., 1972; Sense et al., 1954 Sense et al., , 1953 .
The data in Figure 1 was combined and can be expressed as Antoine constants for both ZrF 4 and HfF 4 . These two expressions are given in Table I .
Experimental concept to be modelled
The flow diagram for the proposed process is presented in Figure 2 . The concept under consideration is to pass a stream of pre-heated dry nitrogen as a carrier gas over a bed of subliming ZrF 4 and HfF 4 ( Figure 3) ; the gas exiting the sublimer then enters a desublimer operating at a slightly lower temperature. The difference between the vapour pressures as function of temperature is used to determine an optimum temperature for the desublimer. In the desublimer, one of the tetrafluorides is desublimed in preference to the other, thus effecting separation. The remainder of the gas mixture exits the desublimer and enters a water-cooled cold finger for collection of the remaining ZrF 4 and HfF 4 , which can be subjected to a further separation step.
The sublimer (Figure 3 ) consists of two rectangular sections; a bottom section containing the bulk mass to be sublimed, and a top section that facilitates the movement of the nitrogen gas and carries the sublimed tetrafluorides in the gas phase to the desublimer.
The desublimer is a long cylindrical pipe that is heated to a predetermined temperature, depending on the partial pressures of the ZrF 4 and HfF 4 entering the desublimer. [°C]
ZrF 4 log(P) = 12.096−11879/T 600 -920 HfF 4 log(P) = 12.391−12649/T 600 -950
Figure 3 -Sketch of the sublimer
Modelling
Flux model
The rate model for the sublimation of ZrF 4 and HfF 4 is based on the work of Smith (2001), who predicted evaporation rates for liquid spills of chemical mixtures by employing vapour-liquid equilibrium. As sublimation progresses, the bed height decreases with time, which causes changes in the mass transfer coefficient resulting in a change in the sublimation rate of the two tetrafluorides. The rate model for both ZrF 4 and HfF 4 is given in Equation [1]:
where r i is the sublimation rate of ZrF 4 (or HfF 4 ) in mol per unit sublimation area per unit time, k i,t is the mass transfer coefficient in m/s at time t, P i * is the vapour pressure in kPa, p i ' is the partial pressure in the bulk gas, x i,t is the mol fraction of the respective tetrafluoride in the unsublimed bulk mass, R is the ideal gas constant (8.314 kPa.m 3 /kmol/K), and T is the temperature in K.
In order to calculate the total flux along the length of the sublimation pan (n j,t ), the pan is divided into segments each of length ΔL. The flux in each successive segment is calculated by adding the flux in the previous segment to the sublimed masses of ZrF 4 and HfF 4 in segment j (Equation [2] ).
[2]
where Z t is the height of the headspace above the solid bed at any given time t.
Model parameters
Mass transfer coefficient
The mass transfer coefficient (k i ) is required for calculating the rate of sublimation and is a function of the Sherwood number (Sh i ), the diffusion coefficient (D AB ), and the equivalent flow diameter (D e ) (Equation [3] ):
Sherwood numbers differ for each experimental set-up. In the case of convective mass transfer for forced convection over a flat plate (in this case a sublimation pan), and for laminar flow conditions with Reynolds number < 5 × 10 5 , Prandtl number > 0.6, and Shmidt number (Sc i ) > 0.5, the Sherwood number can be calculated using Equation [4] (Çengel, 2006) .
[4]
Diffusion coefficients
The diffusion coefficient can be estimated using the LennardJones potential to evaluate the influence of the molecular forces between the molecules. This correlation (Equation [5] ), also known as the Chapman-Enskog equation, holds for binary gas mixtures of non-polar, non-reacting species (Green, 2008; Welty, 2001) , which is the case for ZrF 4 and HfF 4 in nitrogen. The diffusion coefficients were calculated at several temperatures and are listed in Table II .
Model results
Limitations
One practical problem encountered in the design of the experimental set-up is the working temperature of the valves (650°C). At this temperature, the vapour pressures are relatively low, which results in a very long sublimation time. Since all of the components of the valves are metallic, and it is general knowledge that these valves have a built-in safety factor, the decision was made to operate slightly above the maximum specification temperature of the valves, i.e. at 700°C.
Sublimation rates
The initial load to be sublimed was taken as 80 g, which includes the HfF 4 and other impurities. The full sublimation area is 0.0075 m 2 .
The average area-dependant rates of sublimation at several temperatures calculated from the model are given in A theoretical approach to the sublimation separation of zirconium and hafnium in the tetrafluoride form Figure 4 , which is a sum of the average rates of ZrF 4 and HfF 4 at several time intervals. It can be seen that the rate is a power function of the temperature, illustrating the effect of a higher temperature on the rate. The total sublimation time is dependent on the area of sublimation and the temperature of sublimation, the latter controls the two vapour pressures. The dependence of the total sublimation time on temperature is shown in Figure 5 . At 850°C, the total sublimation time equals approximately 33 minutes, whereas at 700°C the total sublimation time was calculated to be approximately 24.5 hours. The vapour pressure ratio between 850 and 700°C is 42.7, which indicates that the rate at 700°C should be lower by at least this factor, which amounts to a total sublimation time of 23.5 hours. The other factor influencing the rate is the partial pressure in the gas stream, which is also higher at the higher temperature, which may contribute to the difference in the total sublimation time at 700°C.
The mass sublimed with respect to time at 700°C is presented in Figure 6 . Here it is evident that, according to the model calculations, some HfF 4 will remain in the sublimation pan once all the ZrF 4 has sublimed. Theoretically this implies that the sublimation can be stopped after a certain time, thereby separating most of the HfF 4 from the ZrF 4 in the cold finger.
The rates of both HfF 4 and ZrF 4 sublimation are given in Figure 7 . From this figure it is evident that the sublimation rate of HfF 4 becomes increasingly significant as the sublimation progresses, i.e. as the bed height lowers with time. This is probably due to the mass fraction HfF 4 increasing, since the ZrF 4 has a higher rate of sublimation.
The sublimed ZrF 4 and HfF 4 diffuse into the nitrogen stream, exit the sublimer, and enter a desublimer operating at a slightly lower temperature than that of sublimation. The desublimation temperatures for the two tetrafluorides can be calculated from the vapour pressure correlations based on the partial pressure of the respective fluorides entering the desublimer. Figure 8 indicates 
ZrF 4 lost to cold finger
In the case of ZrF 4 , the desublimer operating temperature is still relatively high for all the ZrF 4 to desublime while passing through the desublimer. A desublimer operating temperature of 30°C higher than that of the maximum temperature for HfF 4 (i.e. 570°C) results in a vapour pressure of ZrF 4 which is still relatively large, and some of the ZrF 4 will therefore not desublime and will be collected on the cold -finger.
Comparison to literature data
The area-dependent rates of sublimation for both ZrF 4 and HfF 4 at 850°C were calculated. The average rate over the entire duration of sublimation of the total sublimated mass amounts to approximately 5.36 g/m 2 /s, which is 2.87 times higher than the value estimated from literature data (1.87 g/m 2 /s). The difference between the literature and model rates may be attributable to the impurities present in the sample used by Macfarlane et al., (2002) , since the presence of impurities can have a direct influence on the rate of sublimation.
Conclusions
A sublimation model has been developed to predict the sublimation rates and the partial pressures of ZrF 4 and HfF 4 in the tetrafluoride form and in an inert gas. The gas exits a sublimer and enters a desublimer where the one tetrafluoride is desublimed in preference to the other, separating the two tetrafluorides.
The model revealed an area-dependent sublimation rate that is 2.87 times higher than the value estimated from literature data (1.87 g/m 2 /s) at 850°C. This indicates that the rates obtained from the model are within an acceptable range. The difference between the literature and model rates may be attributable to the impurities present in the sample used by Macfarlane et al., (2002) , since impurities can have a direct influence on the rate of sublimation.
Due to experimental/equipment constraints, the operating temperature of the sublimer should be in the range of 700°C. Optimal temperature selection is imperative, since low temperatures result in a low sublimation rate and high temperatures increase the level of impurities in the sublimed product.
At a sublimer operating temperature of 700°C, the model indicates that an operating temperature for the desublimer of between 540°C (maximum temperature for HfF 4 ) and 610°C (minimum temperature for ZrF 4 desublimation) is required to ensure that, according to the model calculations, only ZrF 4 and no HfF 4 will desublime. Selection of an optimal temperature of the desublimer is also critical, since too high a temperature will result in more ZrF 4 lost to the cold finger.
It is recommended that the model results be compared with experimental values, including if necessary the sublimation kinetics to account for any possible time dependencies of the vapour pressures.
